ABSTRACT In this paper, a novel hollow-core ring photonic crystal fiber (HR-PCF) is proposed based on As 2 S 3 . It supports the transmission of up to 38 orbital angular momentum (OAM) modes. It is composed of a concentric ring cladding of air holes gradually increasing in diameter. In addition, the center also has a large circular air hole. A numerical simulation is accomplished using the finite-element method. Different geometrical parameters of the proposed HR-PCF include the number of air hole rings in the cladding and the background material. These parameters are varied to determine the optimal structure. The properties of the synthesized OAM vector modes are simulated and analyzed systematically and theoretically. Through the simulation of different parameters, we show that the optical fiber structure based on a three-ring cladding and As 2 S 3 material can support 38 OAM modes. This configuration also has better eigenmode characteristics, such as the effective refractive index difference between vector modes with the same topological charge number. This difference can exceed 10 −4 , preventing these modes from coupling to linear polarization modes. In addition, the vector mode dispersion curve becomes smoother with increasing wavelength, and the confinement loss remains low, ranging from 10 −10 -10 −9 dB/m. Moreover, we also discuss effective mode area and nonlinear coefficients and their applications. We also investigated that various effects on the dispersions by details of the proposed HR-PCF, such as air hole spacing between adjacent rings and the diameter of the center circular air hole. This system offers some promising applications for short-distance, high-volume communications due to the increased number of OAM transfer modes.
I. INTRODUCTION
In recent years, Orbital Angular Momentum (OAM) has attracted much research interest. Generally, OAM beams are associated with a helical phase front of exp (il ), where l is an integer called the topological charge number, and is the azimuth angle. OAM beams have sparked extensive study due to the unique characteristics of the vortex wavefront and annular field intensity distributions' [1] , which could lead to applications in microscopy, highcapacity communications [2] , [3] and quantum information technologies [4] , [5] . Currently, beams with OAM can be generated by methods that use spiral phase plates [6] , diffractive optical elements [7] , [8] , cylindrical lenses [9] , and Laguerre Gaussian beams [10] . However, the OAM beams gradually expand in free space as the transmission distance increases, which is detrimental to their applications. Generally, step index fibers [11] , [12] , grade index ring core fibers [13] , twisted air-core fibers [14] , and fiber couplers [15] have been used convey OAM modes. The number of orbital angular momentum modes is an important parameter for optical fiber transmission. Thus, we need to devise new fiber structures to support more OAM modes.
According to recent studies, photonic crystal fibers (PCFs) can support the transmission of a greater number of OAM modes than conventional optical fibers due to their unique structure. A HR-PCF structure features a series of air holes arranged along the axial direction of the optical fiber. Therefore, the parameters of a HR-PCF structure can easily be optimized [16] , [17] . Such a HR-PCF can exhibit a number of different parameters, such as single eigenmode, dispersion, limiting loss, mode area, and controllable non-limiting coefficients [18] , which can have many applications. Moreover, it is possible to transmit OAM modes in a photonic crystal fiber. Yue et al. [19] first proposed a photonic crystal fiber structure based on As 2 S 3 for supporting OAM transmission in 2012. However, this fiber could only support 2 OAM modes. In addition, there are other kinds of photonic crystal fiber structures that were proposed to support the transmission of orbital angular momentum modes. A structure based on silica was proposed by Tian et al. [20] , and a structure based on As 2 S 3 was proposed by Hu et al. [21] . Nevertheless, all the proposed fiber structures can only support 26 OAM modes. Consequently, it is worth exploring new photonic crystal fiber structures to increase the number of OAM modes that can be transmitted.
In our work, a novel HR-PCF is proposed based on As 2 S 3 . It sustains the transmission of up to 38 modes of OAM. The structure we propose is quite different from those in [20] and [21] . We propose a structure for the tricyclic air holes arranged in the cladding, and dramatically increase the diameter of the cladding air holes. The research objectives are to acquire high refractive index contrast (>10 −4 ) between the same topological charge number vector modes, a flat dispersion curve, suitable nonlinear coefficients and low effective mode area. Benefitting from these properties, the proposed HR-PCF could have promising applications for transmission systems, e.g., in mode division multiplexing, and short-distance and high-capacity communication transmission.
II. MODEL DESIGN
The proposed structure of the HR-PCF for transmission of OAM modes is shown in Fig. 1 . It consists of a tricyclic cladding of air holes with gradually increasing diameter. In addition, the center has a large circular air hole. We use As 2 S 3 (n = 2.4373, at 1.55µm) as the background material. To solve the well-known double curl Maxwell's equation, we have implemented a numerical solution using a full-vector finite element method (FEM) [22] . In addition, the boundary conditions are perfectly matched layers (PMLs), and the thickness of the PML is taken to be 9% of its radius. These are used to obtain the normalized field strength energy vector and the effective refractive index of the vector mode as well as to absorb electromagnetic scattering in order to eliminate boundary reflection. The proposed structural parameters include the diameter of the central air hole r 0 , the diameters of the outer air holes r 1 to r 3 , and the adjacent air hole ring center spacing 0 -2 . In this work, the structural parameters of this fiber is r 0 = 7.6 µm, r 1 = 1.26 µm, r 2 = 1.56 µm, r 3 = 1.70 µm, 0 = 6 µm, 1 = 2 = 2 µm, and 1 /r 0 = 0.26.
III. RESULTS AND DISCUSSION

A. THE OAM MODES SUPPORTED BY THE HR-PCF
An OAM mode in an optical fiber can consist of an HE mode and an EH mode as follows:
where the '±' superscript indicates the direction of the spin angular momentum. It can be seen from the above formula that the direction of rotation of the HE mode coincides with the direction of the spin angular momentum, while the direction of the EH mode is the opposite the spin direction [30] , [31] . The numerical analyses were completed using COMSOL Multiphysics modeling software. Normalized field strength distributions of the eigenmodes HE 11,1 , EH 91 , HE 71 , EH 51 , HE 31 , EH 11 , HE 21 , HE 11 and the phase pattern of the OAM mode are derived from this related vector mode and are shown in Fig. 2 . It can be seen that the modal energy is well confined in the ring center and that the OAM mode phase exhibits a 2lπ azimuth change. In addition, in Fig. 2 . the rightmost color bar represents the energy level of the normalized field strength of the vector mode, and the bottom color column represents the phase change of the OAM mode.
B. IMPACT OF CLADDING RINGS AND MATERIAL INDEX
To highlight the comparison of the current work, we present a comparison table between the number of corresponding OAM modes obtained by optimizing the fiber structure parameters. Here, all guiding properties are calculated at an operating wavelength of 1.55 µm.
In order to analyze the influence of optical fiber structure and background material on the number of supported OAM modes, we repeat the simulation used in [20] , which uses As 2 S 3 as the material, as well as the simulation in [21] , which uses silica as the background material. Both of these materials admit the same number of supported OAM modes-26. This is because although they are two different materials, their structure is very similar. Based on previous research work, they have some ideas that everyone agrees about the number of rings in the coating. The number of rings in the cladding cannot be infinitely large. Especially in the communication band of 1.55 µm, the number of rings with the five rings in the cladding, which the effect is the best. Therefore, in Table 1 , the range of parameters we studied is two rings, three rings, four rings, and five rings. Table 1 shows a comparison for different optimizations of the structure parameters. From line 2 to line 5, the number of modes supported for different numbers of rings is displayed for the same materials, while the third and last lines show the number of modes supported with the same number of rings for different materials. As well as the above analysis, we can get a conclusion about the fiber structure proposed in this paper. Based on the structure of this article, the fiber structure has a greater impact on the number of OAM modes than the material. To sum up, this cladding is a three-ring structure of PCF with As 2 S 3 as the background material, which is more suitable and can support more OAM modes.
C. THE AMOUNT OF OAM MODES FOR THE PRESENTED HR-PCF
The proposed HR-PCF can support 38 OAM modes with a bandwidth over 750 nm (ranging from 1.25 µm to 2.0 µm), and the modes can hold a good 'single-mode' transmission state in the radial direction. The OAM modes are: OAM 
D. EFFECTIVE REFRACTIVE INDEX AND EFFECTIVE REFRACTIVE INDEX DIFFERENCE OF THE EIGENMODES OF THE PROPOSED HR-PCF
The variation curve for the effective refractive index of the vector mode with change in wavelength is shown in Fig. 3 . The refractive index of each eigenmode decreases with an increase in wavelength. Fig. 4 shows the relationship between the refractive index difference and the wavelength between vector modes with the same topological charge number l. The eigenmode effective refractive index differences are all well above 10 −4 , which ensures that adjacent eigenmodes cannot couple with linear polarization (LP) modes over a 750 nm bandwidth. Note that the differences increase with wavelength; the effective refractive index difference between the eigenmodes can reach 10 −3 at 1.55 µm, e.g., HE 51 and EH 31 , HE 41 and EH 21 , HE 31 and EH 11 . This shows that the HR-PCF we proposed not only decreases the vector mode coupling to LP modes but also maintains the single mode transmission in the radial direction. In addition, the crosstalk between the OAM modes supported by our proposed fiber is also reduced because the effective refractive index difference of these vector modes is on the order of 10 −3 , thus reducing the crosstalk threshold [23] . Because of the uniform arrangement of the fiber cladding, the fiber can become telescopic at a certain ratio. However, it should be noted that this fiber has more construction challenges than those of ring core fibers. Furthermore, it should be noted that if the size of this fiber is too small, the difficulty of coupling external light to the HR-PCF will be increased.
E. EFFECTIVE MODE AREA AND NONLINEAR COEFFICIENT AND CONFINEMENT LOSS
The effective mode area, A eff , is calculated as [24] 
where E (x, y) is the normalized electric field of the generated transverse field. Figure 5 shows that the effective mode area varies with the wavelength. In fact, the low-order modes have a modest increase in effective mode-field area compared to the high-order modes. Because that the higher order modes are easier to leakage from the air cladding and it is more difficult to limit eigenmodes at longer wavelengths [21] . For the proposed HR-PCF, a large light-area is needed to support more OAM modes. However, too much area is not conducive to maintaining a ''single model'' of radiality [25] and may induce more radial crosstalk in a radial multi-mode optical fiber [26] . The nonlinear coefficient γ of the eigenmodes is calculated using [24] 
Here, n 2 is the nonlinear refractive index, λ is the wavelength and A eff is the effective mode area. In this work, n 2 is 3×10 −18 m 2 /w [27] . Figure 6 shows the relationship between the nonlinear coefficients and the wavelength. Compared with conventional silica fibers, the nonlinear coefficient of the vector mode here is two orders of magnitude higher than when As 2 S 3 is used as the background material. Due to its inverse dependence on the effective mode area, the nonlinear coefficient 20294 VOLUME 6, 2018 gradually decreases with increasing mode area. Moreover, due to these special dispersion and nonlinear characteristics, highly non-linear photonic crystal fibers are more likely to produce a supercontinuum, which could have applications in pulse compression and all-optical switching [28] . Nevertheless, for optical fiber communication systems, the highly non-linear coefficient is unproductive. Therefore, we need to find materials with suitable attributes to overcome these difficulties. In addition, we also analyze the limiting loss, which is calculated from the imaginary part of the refractive index. It is worth noting that higher-order modes have higher confinement loss than for a typical optical fiber. However, in this article, the fiber we designed broke that convention, and the confinement loss of the vector mode remained approximately 10 −10 dB/m-10 −9 dB/m over the entire 750-nm bandwidth. Figure 7 shows the confinement loss of the vector modes HE 10,1, EH 81 , EH 21 , and HE11 versus wavelength over the range 1.25 µm-2.0 µm for the eignmodes in the proposed HR-PCF. Here, in order to have better persuasive power, we arbitrarily selected these four modes. Due to the confinement loss is a harmful parameter, we need it as little as possible. 
F. DISPERSION PROPERTIES
Dispersion is also an important parameter for fibers. In this paper, we analyze and calculate the dispersion characteristics of the eigenmode of OAM modes. This analysis includes both waveguide dispersion and material dispersion. If
and
then the total dispersion can be written as
Here, the material dispersion is D m , the waveguide dispersion is D w , n eff is the effective index of the eigenmode, c is the speed of light in vacuum, and λ is the wavelength. Furthermore, the material dispersion can be described by using the Sellmeier formula [29] as follows:
where n is the refractive index of As 2 S 3 , and λ is the wavelength. Figure 8 shows the dispersion of different eigenmodes versus wavelength over the range 1.25 µm-2.0 µm for the eignmodes in the proposed HR-PCF. It can be seen that the dispersion growth is increasingly smooth; some of the vector modes have dispersions that almost tend to zero at long wavelengths. For example, the HE 11 mode have a dispersion value of 8.1071 (ps/nm/km) at 2 µm, then according to the dispersion curve growing more and more gentle this feature, so we can speculate that the dispersion of this vector mode may be close to zero at wavelengths greater than 2 µm. This is also a conjecture for zero dispersion curves and applications. In addition, it should be noted that due to the background material is As 2 S 3 , the numerical simulation (without symbols) which is larger than the silica background material of the simulated dispersion values in a certain within the wavelength range.
G. THE INFLUENCES OF THE HR-PCF STRUCTURE PARAMETERS ON THE DISPERSION
We also studied the influence of varying the diameter of the center air hole, r 0, and the distance of the cladding air hole ring, 1 , on the dispersion with the goal of obtaining a more desirable dispersion. The variation in the chromatic dispersion curves for the HE 61 and HE 21 modes when these two parameters are varied is shown in Fig.9 . As seen from the figure, changing the center distance of the cladding air ring, 1 , does not significantly change the dispersion curve. However, when we change r 0, the dispersion curve has a relatively large change. To reduce the complexity of HR-PCF structural design, we can optimize the structure of the dispersed HR-PCF from the known structure by adjusting the diameter of the air hole. In conclusion, a novel HR-PCF based on As 2 S 3 , which can transport up to 38 OAM modes, was modeled using numerical simulations. The HR-PCF possesses a large effective index difference (>10 −4 ), which can ensure that the adjacent eigenmodes will not couple well to LP modes. In addition, the eigenmodes have very low confinement loss, with all of them maintaining 10 −10 -10 −9 dB/m from 1.25 µm to 2 µm. Moreover, the dispersion and nonlinearity coefficients are both larger than for conventional fiber due to the use of As 2 S 3 as the background material. In addition, the effective mode area is also discussed. With the rapid development of science, technology and manufacturing, we believe that the photonic crystal fiber we proposed here can be manufactured successfully and can be applied in the OAM mode of transmission. In addition, the proposed fiber could also provide promising solutions for communication transmission systems, especially in the fields of supercontiuum generation, short-distance and high-capacity transmission, and other applications.
